Abstract. Osteoarthritis (OA) is the most common disease of the joints, and is characterized by the breakdown of cartilage and degradation of the extracellular matrix. OA causes a high level of patient suffering and incurs large societal costs; however, the current strategies for treating OA are restricted due to limited understanding of the underlying molecular and cellular mechanisms. In the present study, the beneficial effects of isoimperatorin (Iso) were investigated using an experimental mouse model of OA, and its mechanism of action on primary chondrocytes was elucidated. Destabilization of the medial meniscus was performed on 8-week-old male mice to induce OA in the knees. Iso (500 mg/g/day) was intragastrically administered for 4 weeks. Degeneration of articular cartilage was assessed by histology using the Osteoarthritis Research Society International scoring system. The expression of matrix metalloproteinase (MMP)13, Runt-related transcription factor (Runx)2, type X collagen (Col X) and vascular endothelial growth factor (VEGF) in the knee joints was examined by immunohistochemistry. In vitro, murine primary chondrocytes were treated with various concentrations of Iso, followed by 10 ng/ml interleukin-1. The mRNA expression levels of MMP13, Runx2, Col X and VEGF were determined by reverse transcription-quantitative polymerase chain reaction. The levels of autophagy and mammalian target of rapamycin (mTOR) signaling were determined by western blotting. Iso significantly ameliorated the severity of articular cartilage degradation in mice with experimental OA. The expression levels of MMP13, Runx2, Col X and VEGF were reduced in Iso-treated mice. In murine primary chondrocytes, Iso also reduced MMP13, Runx2, Col X and VEGF expression, and activated autophagy by downregulating the mTOR complex 1 (mTORC1) signaling pathway. Therefore, the results of the present study demonstrated that Iso ameliorates OA-induced pathological alterations by delaying chondrocyte deterioration, activating autophagy and inhibiting mTORC1, which suggests that Iso may have therapeutic potential for attenuating articular cartilage degradation and treating OA.
Introduction
Osteoarthritis (OA) is the most common musculoskeletal disease worldwide, which primarily affects the knees, hands and feet, leading to a reduction in patient quality of life. The incidence of symptomatic knee OA is highest amongst individuals aged between 55 and 64 years, and the prevalence increases with age. It has been reported that ~9.29% of the US population is diagnosed with symptomatic knee OA by the age of 60 (1) . The development of OA is associated with various risk factors including genetic factors, an epigenetic predisposition, aging, being female, injury, mechanical stress, diet and lifestyle (2) . The natural process of aging is associated with OA and the key chondrocyte senescence markers, including senescent-associated-β-galactosidase, senescence-associated heterochromatin foci, p53, p16, caveolin 1 and telomere length (3) . The progression of OA is characterized by chondrocyte deterioration, degradation of the extracellular matrix, subchondral bone remodeling, formation of ectopic bone and synovitis. Under normal conditions, a balance between matrix proteins and matrix-degrading enzymes is maintained in chondrocytes (4) . However, a disruption in the normal resting Isoimperatorin ameliorates osteoarthritis by downregulating the mammalian target of rapamycin C1 signaling pathway state of chondrocytes may lead to matrix remodeling, inappropriate hypertrophic maturation and cartilage calcification. A previous study demonstrated that interleukin (IL)-1 stimulates the synthesis and activity of matrix metalloproteinases (MMPs), as well as other enzymes involved in OA-induced cartilage destruction (5) . Hypertrophic chondrocytes produce catabolic proteins, including MMP13, Runt-related transcription factor (Runx) 2 and type X collagen (Col X) (6) . High levels of vascular endothelial growth factor (VEGF) are also observed in patients with OA, which implies that angiogenesis may contribute to the pathogenesis of OA (7) . Previous studies have investigated novel drugs to repair cartilage lesions, such as β-defensin-4, which is thought to be a protected marker in the repair process of OA (8, 9) . In clinical practice, numerous drugs, including nonsteroidal anti-inflammatory drugs, cyclooxygenase-2 (COX-2) inhibitors (10), glucosamine, steroids and hyaluronan (11) have been used to delay OA in patients. However, these drugs do not reverse the effects of OA. Therefore, patients with OA must be treated with arthroplasty, which is associated with a large economic burden. Therefore, it is necessary to identify a novel agent for the treatment of OA. Isoimperatorin [Iso; 4-(3-methyl-2-butenyl)-7H-furo (3,2-g) benzopyran-7-one] is a linear furanocoumarin and one of the main components of Prangos ferulacea (12) . Iso is a potent medicinal herbal compound that is also isolated from the roots of Angelicae dahurica (13) . A. dahurica suppresses inducible nitric oxide synthase (iNOS) and nitric oxide production (14) . In addition, as an extract from A. dahuricae, Iso has been used as a vasodilatory, antiallergic and anticancer drug in clinical practice (15) (16) (17) . Notably, Iso also serves an active anti-inflammatory role, and can inhibit COX-2 and prostaglandin E2 production in mouse models (18, 19) . A previous study revealed that Iso can reduce the production of reactive oxygen species via tumor necrosis factor-α-induced AKT, extracellular signal-regulated kinase and protein kinase C signaling in human cells (16, 20) . However, whether Iso possesses chondroprotective properties remains to be elucidated. The present study aimed to establish the effects of Iso in delaying chondrocyte deterioration in OA in vivo and in vitro, and to determine the potential underlying mechanisms for novel treatments of OA. The results of the present study demonstrated that Iso delayed the progression of OA in vivo and in vitro. In addition, autophagy activation and mammalian target or rapamycin complex 1 (mTORC1) inhibition were responsible for the effects of Iso administration on OA.
Materials and methods
Animal model and treatments. C57/BL6 mice (age, 8 weeks; male; weight, 18-25 g) were purchased from the Laboratory Animal Centre of the Southern Medical University (Guangzhou, China). The mice had free access to standard chow and water; the mice were maintained at an optimal temperature (24-26˚C) and at 70% humidity under a 12-h light/dark cycle. The mice were anesthetized with 8 µl/g (anesthetic volume/mice weight) of 1% Amobarbital sodium prior to surgery. The OA model was established by selectively transecting the medial meniscus (destabilization of the medial meniscus; DMM). Mice (n=15) were randomly divided into the following three groups: Sham, OA and OA + Iso (n=5/group).
In the two surgical groups (OA and OA + Iso), the right medial collateral ligaments were dissected, which was followed by DMM to induce the OA model. In the sham-operated group, only the skin of the right knee joint was resected. Following the induction of OA, all mice in the OA + Iso group were treated with Iso (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Iso was delivered intragastrically via oral administration (500 mg/g/day) using syringe feeding. At 4 weeks post-surgery, mice from each group were sacrificed and the right knee joints were collected. Animal experiments were approved by the Animal Experimental Ethics Committee of Southern Medical University (Guangdong, China).
Systematic assessment of OA Histological staining and OA scoring. The right knee joints were isolated and all tissues were fixed with 4% paraformaldehyde in 0.1 M phosphate-buffered saline overnight at 4˚C. They were then decalcified with 14.5% EDTA (pH 7.4) at room temperature for ~20 days. Following decalcification, the specimens were routinely embedded in paraffin, cut into 5-µm sections along the sagittal plane and stained with Safranin O/Fast Green and toluidine blue at room temperature for 15 min. Under an Olympus light microscope (magnification, x200; Olympus Corporation, Tokyo, Japan) three fields of tibial articular cartilage were randomly selected and the number of chondrocytes was calculated to obtain a mean value. OA was evaluated using the Osteoarthritis Research Society International (OARSI) semi-quantitative scoring system, in order to verify that cartilage pathology varied in severity by location (21) . In this system, the scores are defined as follows: 0, normal cartilage; 0.5, loss of proteoglycan with an intact surface; 1, superficial fibrillation without loss of cartilage; 2, vertical clefts and loss of surface lamina; 3, vertical clefts/erosion to the calcified layer lesion in 1-25% of the quadrant width; 4, lesion reaches the calcified cartilage in 25-50% of the quadrant width; 5, lesion reaches the calcified cartilage in 50-75% of the quadrant width; 6, lesion reaches the calcified cartilage in >75% of the quadrant width. Three different areas from the tibial plateau were randomly selected to calculate and evaluate the OARSI scores. The average thickness of the articular cartilage (TAC) in the tibial plateau was measured using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Immunohistochemistry. For immunohistochemical analysis, endogenous peroxidase in deparaffinized sections (3-5 µm) was blocked via incubation with 3% hydrogen peroxide at room temperature for 10 min. The sections were then incubated with rabbit anti-MMP13 (1:150; cat. no. A1606; ABclonal Biotech Co., Ltd., Woburn, MA, USA), anti-Runx2 (1:75; cat. no. A2851; ABclonal Biotech Co., Ltd.), anti-Col X (1:75; cat. no. ab58632; Abcam, Cambridge, UK) and anti-VEGF (1:100; cat. no. A5708; ABclonal Biotech Co., Ltd.) at 4˚C overnight. Subsequently, sections were incubated with anti-rabbit secondary antibody (1:100; cat. no. RM3002; Beijing Ray Antibody Biotech, Beijing, China) at 37˚C for ~1 h. Immunohistochemistry was performed to detect MMP13, Runx2, Col X and VEGF using a diaminobenzidine tetrahydrochloride kit (cat. no. ZLI-9017; OriGene Technologies, Inc., Beijing, China) for 1 min followed by counterstaining with hematoxylin for 15 sec at room temperature. The percentage of positive cells in three random fields among the total area was calculated to obtain a mean value using an Olympus light microscope (light, magnification, x200; Olympus Corporation).
Isolation and culture of murine primary chondrocytes.
Chondrocytes were isolated from the knees of 4-day-old C57/BL6 male mice (Laboratory Animal Centre of the Southern Medical University) via digestion at 37˚C with 0.25% trypsin-EDTA for 30 min and then 0.25% collagenase II for 6 h. The cells were suspended following centrifugation at 1,000 x g for 5 min at room temperature in Dulbecco's modified Eagle's medium-F12 (cat. no. 11320-033; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 5% fetal bovine serum (Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin (Life Technologies; Thermo Fisher Scientific, Inc.), and then cultured at 37˚C in an atmosphere containing 5% CO 2 and 95% humidity.
Cell viability assay. The cytotoxicity of Iso on chondrocytes was assessed using a Cell Counting kit-8 (CCK8) assay (cat. no. KGA317; Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). The cells were seeded onto 96-well culture plates at 1x10 5 cells/well and allowed to adhere overnight at 37˚C. Following incubation, cells were treated with 1-100 mM Iso at 37˚C for 24 h, the culture medium was then removed and 10 µg/100 µl CCK8 was added to each well for incubation at 37˚C for 4 h. The optical density was measured at 450 nm using a microplate reader.
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The primary chondrocytes were seeded onto 96-well culture plates at 1x10 5 cells/well and allowed to adhere overnight at 37˚C. Following 48 h, the cells were serum starved overnight then treated with 1-50 µM Iso for 1 h, prior to stimulation with 10 ng/ml IL-1 (cat. no. 211-11B; Peprotech, Inc., Rocky Hill, NJ, USA) at room temperature for 24 h. Following 24 h, cells were collected for RT-qPCR and western blotting. RNA was extracted from monolayer cultures of chondrocytes using TRIzol reagent (Thermo Fisher Scientific, Inc.). Total RNA was isolated with methylene trichloride and isopropanol, then reversed transcribed into cDNA using the PrimeScript™ RT Reagent kit (cat. no. RR037A; Takara Bio, Inc., Otsu, Japan), according to the manufacturer's protocol. RT-qPCR was performed in triplicate using the ChamQ™ SYBR qPCR Master Mix (cat. no. Q311; Vazyme, Piscataway, NJ, USA). The cycle parameters of RT were as follows: 10 min at 30˚C, 50 min for 42˚C, and 95˚C at 5 min. In addition, the following qPCR thermocycling conditions were used: 1 cycle at 95˚C for 10 min, followed by 40 cycles of 15 sec at 95˚C, 1 min at 60˚C and 15 sec at 72˚C. A melting curve was generated to verify gene-specific amplification. The primers were designed using Primer3-Blast online software (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The primer pairs used for the present study are presented in Table I . Relative gene expression levels were calculated using the 2 -ΔΔCq method (22) . Target mRNA levels were normalized to the reference gene GADPH (Table I) .
Cartilage protein extraction and western blot analysis.
Western blot analyses were conducted on the protein of lysates from cultured chondrocytes, which were treated as described prior to RT-qPCR. The cells were treated with 1 M Tris-HCl (pH 6.8) buffer containing 10% SDS (Sigma-Aldrich; Merck KGaA) and 20% glycerol for 10 min at 97˚C. The cell lysates were centrifuged at 1,000 x g for 5 min at room temperature and the supernatants were stored at -20˚C. For electrophoresis, the concentration of the supernatants was measured using a bicinchoninic acid assay; 100 µg supernatants were separated by 10% SDS-PAGE. The proteins were transferred onto nitrocellulose membranes, blocked with 5% non-fat milk containing 0.02% Tween at room temperature for ~1 h, and incubated overnight at 4˚C with anti-β-actin (cat. no. RM2001; 1:2,000; Beijing Ray Antibody Biotech), anti-Beclin1 (cat. no. 3495; 1:2,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-p62 (cat. no. 5114; 1:2,000; Cell Signaling Technology, Inc.), anti-S6 kinase (S6K; cat. no. 9202; 1:3,000; Cell Signaling Technology, Inc.), anti-phosphorylated (p)-S6K (cat. no. 9204; 1:3,000; Cell Signaling Technology, Inc.), anti-eukaryotic translation initiation factor 4E/binding protein 1 (4E/BP1; cat. no. 9452; 1:3,000; Cell Signaling Technology, Inc.) and anti-P-4E/BP1 (cat. no. 2855; 1:3,000; Cell Signaling Technology, Inc.). The blots were then probed with horseradish peroxidase-conjugated secondary antibodies (cat. no. RM3002; 1:5,000; Beijing Ray Antibody Biotech) at room temperature for 1 h. The antigen-antibody complexes were visualized with an Enhanced Chemiluminescence Plus detection kit (PerkinElmer, Inc., Waltham, MA, USA).
Statistical analysis. Data are presented as the mean ± standard deviation. One-way analysis of variance followed by a post hoc Tukey test was used to determine statistical differences. All experiments were repeated at least three times, and representative experiments are shown. Data analyses were performed using SPSS version 19.0 software (IBM Corp., Armonk, NY, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Iso treatment delays the progression of experimental OA.
To confirm the effects of Iso on delaying OA progression, Safranin O/Fast Green staining was performed and the OARSI scoring system was used to evaluate the severity of OA. The results revealed that there were more fibrillations on the surface of the articular cartilage in the OA group than in the OA + Iso group. In addition, in the OA group, less chondrocytes were observed than in the OA + Iso group (Fig. 1A) . TAC was assessed by toluidine blue staining (Fig. 1B) . TAC was reduced in the OA group when compared with the OA + Iso group. The histological OARSI score in the tibial plateau was increased in the OA group when compared with the Sham group; however, it was significantly decreased in the OA + Iso group compared with in the OA group (Sham, 0.30±0.27; OA, 6.80±0.84; OA + Iso, 3.50±1.0; P<0.05; Fig. 1C ; Table II ). These results indicated that Iso treatment ameliorated degradation of articular cartilage, as verified in Fig. 1D Fig. 1D ; Table II) .
Iso reduces the expression of MMP13, Runx2, Col X and VEGF in experimental OA. To investigate the mechanism underlying the protective effects of Iso on cartilage, chondrocyte hypertrophy and angiogenesis were evaluated. The expression levels of MMP13, Runx2, Col X (all hypertrophic chondrocyte markers) and VEGF (an angiogenesis marker) were detected by immunohistochemistry (Fig. 2) . Fig. 2 ). These results suggested that Iso treatment may delay the degradation of articular cartilage, in part, through the inhibition of angiogenesis.
Effects of Iso on the viability of primary chondrocytes.
The potential cytotoxicity of Iso on mouse primary chondrocytes was evaluated using CCK8 assay. Iso, at concentrations between 1 and 50 µM, exhibited no toxicity in chondrocytes; however, 100 µM Iso significantly reduced the viability of chondrocytes (P<0.05; Fig. 3 ). Therefore, 1, 10 and 50 µM Iso were used in the subsequent experiments.
Iso treatment reduces MMP13, Runx2, Col X and VEGF expression in primary chondrocytes. The effects of various concentrations of Iso on murine primary chondrocytes treated with 10 ng/ml IL-1 were determined. IL-1 significantly upregulated the expression of MMP13 (Fig. 4A) , Runx2 (Fig. 4B ), Col X (Fig. 4C) and VEGF (Fig. 4D) . However, Iso inhibited the effects of IL-1, decreasing the expression of MMP13, Runx2, Col X (chondrocyte hypertrophy) and VEGF (angiogenesis). These results demonstrated that Iso may inhibit chondrocyte hypertrophy and angiogenesis in vivo and in vitro. (23); therefore, the present study examined whether Iso attenuated OA by modulating autophagy signaling. Autophagy was inhibited following IL-1 stimulation, as indicated by the reduced expression of Beclin 1 and increased expression of p62. However, Iso treatment inhibited the effects of IL-1 by enhancing the expression of Beclin 1 and reducing that of p62, indicating that Iso may attenuate OA by activating autophagy (Fig. 5A) .
Disease attenuation following Iso treatment may be partly attributable to inhibition of the mTORC1 signaling pathway.
The mTORC1 signaling pathway is a well-known key regulator of inflammation and angiogenesis in OA (24, 25) . To investigate the potential mechanism through which Iso exerts its anti-OA effect, the phosphorylation status of its two direct downstream targets in the mTORC1 signaling pathway, S6K and 4E-BP1 (26), were determined by western blot analysis. Iso decreased the phosphorylation of S6K and increased 4E/BP1 phosphorylation in a dose-dependent manner, which suggested that the mTORC1 pathway was inactivated by Iso (Fig. 5B) .
Discussion
Iso is a traditional Chinese herb with anti-inflammatory properties that is widely used in China. In the present study, the anti-OA properties of Iso were evaluated in vivo and in vitro. Iso was revealed to prevent articular cartilage degeneration by preventing chondrocyte hypertrophy and aberrant angiogenesis via MMP13, Runx2, Col X and VEGF expression, and activating autophagy by downregulating the mTORC1 signaling pathway in a dose-dependent manner. These findings were consistent in both of the models investigated: The DMM-induced OA mouse model and in IL-1-treated murine chondrocytes.
OA is a chronic degenerative process that leads to chondrocyte hypertrophy and cartilage damage (27) . In OA, the rupture of cartilage homeostasis causes a subset of factors to promote cartilage damage, which leads to matrix remodeling, cartilage calcification and hypertrophy-like changes, and aggravates the progression of OA (6, 21, 22, 28) . Articular cartilage refers to permanent cartilage that does not undergo terminal differentiation under normal conditions. However, when stimulated, chondrocyte differentiation leads to hypertrophy and apoptosis (28) . MMP13, Runx2 and Col X are produced by hypertrophic chondrocytes and are important standard markers for chondrocyte hypertrophy (16, 18, 21) . Runx2 is a major transcription factor involved in chondrocyte differentiation and is overexpressed in OA cartilage, elevating the production of Col X and MMP13 (28) (29) (30) . Angiogenesis is also thought to affect the function and homeostasis of cartilage in the pathogenesis of OA (31) . VEGF is a secreted mitogen associated with angiogenesis that has been reported to regulate the vascular invasion of the hypertrophic cartilage in OA; one isoform of which, VEGF-A, promotes subsequent cartilage vascularization (32, 33) . A meta-analysis revealed that VEGF is upregulated in patients with OA (7) and that it contributes to the severity of knee OA (34, 35) . Intravenous and intra-articular administration of the anti-VEGF antibody bevacizumab facilitates articular cartilage repair and attenuates the severity of OA (36, 37) . Therefore, it is hypothesized that Iso may ameliorate OA by reducing MMP13, Runx2, Col X and VEGF production.
In the present study, the mechanism underlying the action of Iso on primary chondrocytes was also evaluated. Numerous signaling pathways are involved in cartilage damage in OA. Among these, the present study focused on the autophagy-associated mTORC1 signaling pathway due to its vital function in the progression of OA. Autophagy is an essential cellular homeostatic process for cartilage survival that protects articular cartilage. Previous studies have demonstrated that the genetic ablation of autophagy protein 5 in chondrocytes accelerates age-associated OA (34, 38) . Autophagy is decreased in OA; however, the administration of rapamycin, a specific inhibitor of mTOR signaling, reverses this effect (39, 40) . Autophagy is involved in numerous pathological processes, including anti-inflammatory, anti-hypertrophic and anti-angiogenesis activities. It is also involved in chondrocyte hypertrophy during cartilage degradation and counteracts degenerative alterations, including cartilage hypertrophy and the terminal differentiation of chondrocytes (41, 42) . Peroxisome proliferator-activated receptor (PPAR)γ deficiency leads to increased cartilage degradation and the aberrant production of inflammatory (iNOS and COX-2) and hypertrophic (MMP13) markers associated with upregulated mTOR signaling and autophagy inactivation. This results in increased inflammatory and hypertrophic activity in the articular cartilage and OA (24) . mTOR is associated with angiogenesis, and the administration of rapamycin decreases VEGF production (25) and disrupts angiogenesis (43) . mTOR interacts with numerous aspects of different cellular processes, including survival, growth and metabolism (40) (41) (42) 44, 45 ). An increasing body of evidence has indicated that mTOR signaling regulates the modulation of autophagy. mTOR suppression can activate autophagy, leading to a reduction in the severity of OA (46, 47) . Intra-articular administration of rapamycin also reduces the severity of articular cartilage degradation by reducing mTOR signaling (48, 49) . Enhancement of the synthesis of endogenous n-3 polyunsaturated fatty acids (PUFAs) from n-6 PUFAs attenuates OA through the inhibition of mTORC1 and the promotion of autophagy in cartilage chondrocytes (50) . In addition, cartilage-specific deletion of mTOR upregulates autophagy and delays OA (51) . Conversely, suppression of regulated in development and DNA damage response 1, an endogenous inhibitor of mTOR, leads to mTOR activation and defective autophagy in OA (52) . PPARγ deficiency also results in aberrant mTOR signaling, which induces a metabolic balance in cartilage homeostasis (24, 53) . It may be hypothesized that activation of autophagy is beneficial to articular cartilage, leading to mTOR suppression and the attenuation of OA (54, 55) . These findings indicated that Iso may activate autophagy by downregulating the mTORC1 signaling pathway. However, the exact mechanism associated with Iso and the mTORC1 autophagy pathway remains unclear, and it has yet to be established whether autophagy and mTORC1 are direct targets of Iso. Further studies are required to elucidate the underlying mechanism by which Iso regulates the mTORC1 autophagic signaling pathway.
The present study also investigated the in vivo effects of Iso on articular cartilage in a DMM model over a period of 4 weeks. The results revealed that Iso ameliorated the OA-associated effects, and that 4 weeks was sufficient to induce OA using DMM.
The present study had a few limitations. A more in-depth study would provide more information regarding the effects of Iso on cartilage deterioration in DMM. In future studies, the course of DMM-induced OA should be evaluated for 8 weeks. In addition, further insight into the effects of Iso on other aspects of OA is required, including subchondral bone, synovium and meniscus. The incidence of OA increases with age and the treatment options for OA are limited. In the late stages of OA, patients require arthroplasty, which has a large economic burden. Therefore, more attention should be given to developing novel therapies that delay the progression of OA, including exploiting novel drugs from medicinal herbs.
In conclusion, the results of the present study demonstrated that Iso ameliorated articular cartilage degradation in a murine DMM model. A reduction in MMP13, Runx2, Col X and VEGF expression was observed in cartilage from Iso-treated mice following DMM surgery. In addition, autophagy was activated and mTORC1 was inhibited in murine primary chondrocytes. These observations indicated that Iso may ameliorate the pathological alterations induced by OA by delaying chondrocyte deterioration, activating autophagy and inhibiting mTORC1, which suggests that Iso may be an effective therapeutic approach for attenuating articular cartilage degradation and thus, treating OA.
